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ABSTRACT

During Lhe past decade a great deal of expandable structure re-
search has been conducted, also during this period investigators
have proposed many expandable structure applications. This paper
sunmarizes the major types or expandable structures which are es
follows; inflatable balloon, rigidized membrane, airmatt, foamed-
in-place, expandable honeycomb and variable geometry afructures.
Emphasis is placed on materials, system characteristics, and ad-
vancemnts required to perfect each type of expandable structure.
Finally, a discussion is given on future significant expandable
structures experiments that will be conducted by the Air Force.
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I NTrODUCTI ON

Cne of the most important decisions to be made when designing future
space systems is the selection of materials and structures to satisfy the
vehicle's mission requirements. Today's structures are required to resist
extremes in tempexature, high vacuum conditions, ultraviolet and electron
radiation, and micrometeorite bombardment; whi±e being as structurally
efficient as possible. There are many types of structures being utilized
;r, today's systers and this paper wi-1 deal with one general type, expand-
able structures, which are being applied to more and more applications. It
is not the purpose of this paper to in ate that expandable structures are
an answer to all problems of both todae gnm the future. Obviously they are
not, otherwise this type of struct;.< would 'ce in widespread utilization.

Before going into the details of expandable structures it would be wise
to define the term "expendable structure'. An expandable structure is con-
sidered to be any structure that can be expanded from a smdll package volume
into a larger volume structure; it may or may not have a load carrying mis-
sion1 . There is really only one reason to utilize an expandable structure,
that is to reduce its package volwue during shipment. Some believe that
expandable structures have an inherently higher strength to weight ratio
than conventional structures; this is not true. at best en expandable struc-
ture will have an equal strength to weight ratio as compared to the most
efficient rigid structures. Finally, the reliability of the expandable
structure is somewhat less then that of a rigid structure. This is because
of the pessibility of an expandable structure feilitg to deploy o. rigidize.

Tnere are some applications which lend themselves to expandable struc-
tures, for example, imagine fnbrication, ground shipment, and launching into
ortit an Echo I or II size rigid nonexpandable satellite.

There are six tssic types of expandable structures. These are: (1) the
thin skinned pressurized balloon, (2) rigidized thin skinned structures.
(3) airmat, (4) foamed-in-place, (5) expandable honeycomb or sandwich, and
(6' varibble geometry structures. 2 Variable geometry structures as previous-
ly defined by the author were known as unfurlable structures.



APPLI CAT IO•

There are numeroue applications being considered for expandable struc-
tures. These are passive comijnication satellites, decoys, antestuae, solar
energy collectors, space shelters, space stations, apace maintenance hangars,
re-entry veh:€les. recoverable booster system, and furniture.

Passive Conmunication Satellite

Expandable structures have already node a significant contribution to
the comunication satellite area. Namely Echo I and Echo I1 launched into
orbit on August 12. 1960, and January 25. 1964. respectively, by the National
Aeronautics and Space Administration. The launching of these two satellites
has actually given considerable impetus to the whole area of expandable struc-
tures. New trends are developing in this area of passive communication sat-
ellites. The current trend in expandable structures is toward the open grid
structure ra'her than a solid skin structure. There are at least three com-
panies (Virrn. G. T. Schbeldshl. and Goodyear Aerospace), which are actively
pursuing different expandable grid sphere materials approaches. The open
grid satellite has the advantage that although it provides a large radio
effective area it presents a minimal area to either air drag or solar pres-
sure,

Solar Energy Collectors

The application of expandable structures to a solar energy collector
in one of the mast challenging areas being pursued by some investigators
today3,4. A solar collector is a parabolic dish with a highly reflective
coating on the concave surface which concentrates all of the sun's energy
at a theoretical focal point. A solar energy collector must be lightweight;
currently design goals are .2 lbs/sq ft of projected reflective area. This
minimal weight requirement mast be satisfied if a solar energy conversion
system utilizing a solar collector is to be competitive to other systems.5
A solar concentrator must also have the ability to hold its contour during
repeated orbital thermal cycling. Investigators in the past have side stepp-
ed this area of research in solar concentrators; however, the Air Force has
just recently initiated an in-house program to determine the effects of
orbital thermal cycling on metal petal solar collectors, foam rigidized solar
collectors, and expandable honeycomb solar collectors. Tests are to be con-
ducted on 2 ft, 10 ft, and 44.5 ft diameter solar collectors. The collec-
tor will be cycled repeatedly through the maxima and minima heat flues to
be encountered in lower orbit space missions. Temperature profile, strain,
and deflection data will be ascertained from these tests.

Solar collectors must have a minimal package volume, otherwise a major
space system may be required to carry excessively large canisters. For ex-
ample, although the variable gometry metal petal solar collector is within
the state-of-the-art, its package length is only about 50% of its diameter.



Thus, a 44.5 ft diameter solar collector would have a canister length of
23 ft, such a length would probably imose a severe hardship on a space
system during boost.

Space Shelters

Since man has decided to 6zplore the vast sea of apace he has set up
a number of major gals. One of these is manned flights to extraterrestrial
bodies, and the exploration of these bodies. Expandable structures Could
play a very ingoortant role in providing man shelter on these extraterrestrial
bodies. Comlete shelters could be fabricated on the Earth, packapd. boost-
ed to final destination, and finally deployed into a useful size shelter.
Most likely the, more probable application of expandable structures would be
to expand large living or work areas on esmeller more conventionally built
rigid structures. The rigid structural comonent could contain all of the
basic eouipment required for initial survival of man.

space Stations

Ma has also had as a aaJor target objective the establishnent of per-
manent manned space stations. Permanent space stations must either be assem-
bled in orbit from many separately launched prefabricated modules or it mait
be expanded in orbit from some type of expandable structure. Both approaches
have advantages and disadvantages and it would be fortuitous to say at this
time which system should be utilized for advanced space stations. tUdoubtedly
both modular in-orbit assembly and expandable structures will be utilized on
several of these space stations.

Space Maintenance Hanp•ars

The Air Force has a well established apace maintenance program includ-
ing the development of astronaut maneuvering units, remote controlled maneu-
vering units, apace shuttles, space maintenance tools, adhesives, fastening
techniquea, and finally, extravehicular spacesuits. Approved DOD-NASA ex-
periments on Gemini will establish the feasibility of man performing in-space
maintenance and the Air Force will conduct more advanced space maintenance
studies cn the first space station. Space maintenance hangars would be one
more tool in the maintenance worker's tool box which would insure the main-
tainability of fut,:re space vehicles. The principal advantage of utilizing
a space maintenance hangar lies in elimination of the pressure differential
between the inside and outside of the astronaut's space suit. Elimination
of these differentials would tive man the mobility of a nonpressurs aui
which would in turn greatly reduce space maintenance repair task times.b
Secondary, but important advantages of such a hangar would be the ability to
rro-vide man a controlled lighting intensity conclusive to maintenance task&,
increased maintenance mission capability, and additional protection of man
from the hostile environment of space. The author does not foresee expand-
able space maintenance hangars actually utilized for some time to come.



ExPandable R~endezvous Docks

The maintenance of large space stations in orbit is very dependent
on the ability to either by remote control or manual control rendezvous
logistics vehicles with the orbiting space station. A semi-rigid expnd-
able structure could provide even a rigid conventionally built space station
with several advantages. During boost into orbit the space station would
have a reduced volume in the area of the rendezvous dock, but during docking
operations the expanded nonrigid 4ock would provide excellent shock or energy
absorbing characteristics in the event of inaccurate rendezvous techniques.

.e-utry Vehicles

The most formidable application of expandable structures lies in the ex-
pandable winged re-entry area. The elevated temperatures encountered during
re-entry create numerous materials and structural problem. The Air Force
and NASA have established expandable re-entry vehicle prog s mainly in the
paraglider ares. 7 90 There is no doubt that the development of an expandable
re-entry vehicle progrm would be extremely beneficial to the nation's space
program in the area of allowing the astronaut to select a normal landing
field. This would eliminate the necessity for a world wide recovery task
force which is expensive to deploy. Expandable re-entry vehicles could also
be utilized to rescue astronauts from damaged vehicles or to recover unmanned
objects from space for subsequent inspection. Finally, such a recovery ve-
hicle may someday be utilized to recover the first and second stages of boost-
ers for reusage.

4sfscellaneous Applications

Expandable structures have many other potential applications in space
missions. Space furniture, fuel tankage. crew transfer tunnels, and solar
sails are but just a few of these applications. nidoubtedly expandable
structures will provide many solutions to major and minor subsystem require-
ments on future space vehicles

NONRGI D VESUS FGIDIZE EXPANDABLE STRtJTURES

There has always seemed to be some divergent opinions on whether ex-
pandable space structures should be rigidized or nonrigidized structures.
Nonrigid proponents point out that if the space vehicle requires internal
pressurization for human occupancy, it is efficient to maintain structural
rigidity through this internal pressurization. Furthermore. they claim that
although puncture would result in loss of internal pressure; the structure
would not collapse due to the Zero "Gi environment. Certainly these are
valid points, but the author considers that if a rigidized structure can be
made to have as high a strength to weight ratio as a pressure stabilized
structure, why not utilize a rigidized structure for added structural con-
fidence. In addition, manned space stations which would rotate to induce



artificial gravity would impose load& on a space structure when it had been
depressurized due to some accident. Rigidized expandable structures are
pleaned for future long term passive coamonication satellite applications to
reaist deformation caused froe puncture and solar preesuiv. Early expandable
re-entry vehicle concepts were based on inflatable nonrigid structures. One

of the biggest technical probleas to be encountered vith tnee eystemi was

developing flexible sealants for the fabric which would minnWis porosity
while resisting the re-entry tenperature. A rigidized re-entry system would
totally eliminate this problem. It should be realized that a nonrigid struc-

ture is advantageous for rendezvous docks and space maintenance hangers.
Crew transfer tunnels, beoause of their relative size and mission application,
may also utilize nonrigid structures.

INFLATABLE BALLOQN

Definition: The balloon is defined as a fabric or film Iag Inflated
with a gas. A balloon usuall• has the shape of a sphere, a cylinder with
d:ced ends, cigar or a torus. Since the author wrote OExpandable Struc-

tures for Aerospace Applications'. there has been little advancement in the
area of inflatable balloon structures. In reviewing the author's *omsnats
in the above document the folloving susmary is presented.

?Mterials

Usually the inflatable balloon structures are fabricated from slar,
tedlar, H film, or polyethylene plastic ftilm ranging from 1/2 nil to several

ails thick. Quite often in the case of decoys, solar collectors or passive
comunication satellites, these film are aluminized to provide visual, heat,

or radio reflectivity. These materi&ls are all utilized in feathezweight

structures. Heavier duty higher load Q-arying structures employ the woven

or filament wound structures to carry the structural load while utilizing an

organic plastic gas barrier to retain internal pressure. All of the above

cited materials system are temperature limited, of course nickel base, boron

fibers, or other high temperature fibers may be utilized to increase the
temperature limit of the expandable structure materials.

Characteristics

Inflatable balloon structures have high strength to weight ratios and
high ratios of expanded volume to packaged volum, and they are reusable;
however, these structures are usually limited to bodies of revolution, and

collapse if punctured.

Appi cation_

These inflatable structures have been used for passive comsunlcation
satellites (Echo I), boom on a paraglidor structure, ground based shelters,

drag ballutes, and otber smaller structures. Inflatable structures are also

utilized as a basic couponent of many chemically rigidized structures, such

as honeycomb, fomed-in-place, end rigidized a rane structures.



Advancamnts ouired

New flexible higher strength plastic film need to be developed which
are tailor made for inflatable structures. MIat of today's Jinflatable bal-
loon materials were developed by private industry for conmercial applications.
In particular if som of the new exotic high tmperature fibers are to be
utilized efficiently in .nflatable structure applications, new flexible high
teuperature sealing materials mast also be developed. Finally, new and better
adhesive jointing techniques must be developed to be utilized in the fabri-
cation of these new materials.

RIGIDIZED MEMANE STRUCTUMRS

Definition: This type of structure is defi.ed as an inflatable bal-
loon structure that Il either mechanically rigidized or chemically rigidized
after deployment.

Materiale

Generally two basic types of rigidizatiou techniques are applicable to
rigidized mmbrane structures. These are mechanical and chemical, significant
advances have been mads in both aroes.

In the mechanically rigidized area, structures are fabricated from
laminates of thin lightweight metallic foils esanwiched over a thin plastic
film. Once these structures are inflated to prope design pressures the
metallic foils yield and take a permnent set. In a fZero GO environment
this small ammnt of rigidity obtained from the stretched foil structure is
sufficient to maintain a large passive communication satellite's shape with-
out internal pressurization. Echo II, an example of this construction,
utilized a material composed of .00018 inch foil sandviched over a layer of
.00035 inch mylar. Figure 1 is a photograph of Echo II.

The wire or metal grid sphere mentioned in the introduction of this
paper is another example of a meohanically rigidized expandable structure.
Currently there are three basic techniques which can produce these open wire
grid structures. These are chemically etching foil, expanded metal fabric
techniques and finally miniturization of conventional chicken wire fabrica-
tion techmniues. Each type of open grid material has its advntaget s and dis-
advantages. For ex ,le, the technique which utilizes chemical etching to
create the openings in the material can be utilized to provide a grid mate-
rial which is extremely thin. Fabrication of a material of this type con-
stitutes laminating a light gauge aluminum or etal foil to a plastic film,
printing a non-etching grid on the foil, subjecting the material to an acid
or alkali etching solution, and final naturalization of this solution.



Utilizing materials of this type, large passive coamunication satcilltee may
be built which will have larpe raaer cross sections, but minimal air resis-
tarce. Cne of the keys tc thiz realization is the develQu;Ment of ;a,-tic
i:irns wtl.ch will disappear in a space environment fairly relidly. The open
Eri metaiic matezisis are laminated to a plastic film to provic. a temporary
,&s barrier for inflation cr deployment purposes. Today's plastic films al-

thoUgh taCy M&y 6ventUL..ly deiraue in space, tar.e far too long to cisappear.
It is desirable tc eliminate tbis film immedieteiy after deployment to pre-
"vent unravorable orbital perturbation& which would identify an orbital decoy
or degrace the orbit of a communications satellite.

IL the chemically rigidized structure area a number of chemical rigidi-
zation techniques have been developed which will rigidize film or impregnated
fabrics. Plasticizer boil-off is an old technique which has been inveatigated
fcr many space aplications. Plastics which have been investigated for this
area are vinyls, polyurethanes, acrylics, aed gelatins or proteins. All of
these systems require rather high plasticizer percentages of the total system
weight. Once in space, the plasticizer constituting 20 to 30% of the struc-
ture's wei6ht is released or discarded, which causes rigidization. Another
disadvantage of the plasticizer boil-off system is that as soon as the struc-
ture is exposed to the space environment it begins to cure. For many space
Zillications, the Air Force is desirous of having a system that cures on com-
mnarid. For example, it may well take one or two orbits Lefore a large solar
collector is accurately deployea; however, a solar collector cured by plas-
ticizer boil-off technique would have already been cured before accurate
cLý,ntour is achieved.

Undoubtedly cne of the most promising plasticizer boil-off systems in-
vclves 6elatin. Gelatin, dehydrated cross linked films have been made with
strengths exceedia3 21,000 psi. Films containing 20 to 30K plasticizers.
such as •iycerine or elycola, are quite tack free and flexible. Ultraviolet
dnd electron radiation tests oa these specimeIshave shown that gelatin is
iuite suited to space applications. It is nearly transparent to ultraviolet
radiotion, and is relatively unaffected by electron radiation of 106 rads.I0

Gelatin is, however, water soluble. It might be added that there appear to be
ao lain clcuds in space. Gelatin can be croeslinked to the point that it is
no longer soluble in boilink; water, however, it will swell under this con-
dition. Gelatin has a high stiffness as a free film, I,COO,000 psi. Gelatin
and fiberglass laminates fabricated and tested t.- Forest Troducts Laboratory
exhibited the properties shown in Table 1. It should be noted that Wtsanto
1esearch Labcretory has prepared laminates that have significantly higher
Lending anu tensile, and compressive strengths than shown in Table 1. Flexural
strengths ýs high as 77,9)00 psi have been obtained on MM laminates. 1 1  AB

one can see, •elatin fiberglass laminates have quite remarkable stiffness
properties at elevatec temperatures. The Air Force Aero Propulsion Laboratory
has -,ust awarded a contract to Viron Division of Geophysics (prime), Swift
and Company (sub-contractor) and Vionsanto Research Corporation (sub-contract-
or) to investigate plasticizer boil-off rigidizeu gelatin structures for
space applications. Gelatin and other protein materials are to be modified
to provide even better properties than are now reported. Monsanto Research
has already come up with techniques to aluminize gelatin by vapor disposition



for solar collector or antenna applications.

.Radiation has been utilized by some investigators as a method for
rigidizina membrane struntures. Hughes Aircraft Company has for a number oa
years, worked on both ultraviolet and infrared cured plastic resins. 1 2 Poly-
ester resins seem to cure 4ulte well on exposure to ultraviolet radiation,
while epoxies can be m=4e to cure with exposure to infrared radiation. Ultra-

violet cured systems, once cross linked to complete rigidity, will then de-
grade with additional exposure to ultraviolet radiation. This problem may
be eliminated by the addition of absorbers which are activated after final

cure ot the system. The author is coacerned that the ionizing radiation
level in space may cause rigidization of a polyester structure before it is
fully deployed. British Patent 949, 191 records the curing and crosslinking
of resinous films by electron irradiation. Coatings consisting of thin film
of unsaturated polyesters were subjected to an electron beam of 100 Key under
nitrogen and cured in one (1) second. 1 3 Infrared or heat activated systems
such as epoxies are cured by raisinF the temperature of the resin system tc
a point of high reactivity. This increase in temperature can easily cause
a larege colar collector of "4.5 ft diameter to lose accurate contour because
of creep in the mylar reflective surface. Solar collectors that are rigid-

ized by this process are fabricated from one (I) or two (2) mil mylar and
the actual solar concentrator area is coated with the heat activated epoxy
system. After deployment of this collector structure, but before final

risidization, the parabolic contour is held by inflation pressure. If the
structure reaches a temperature above l.50OF for any length of time during
its uncured stage, the mylar will stretch or creep considerably causing
the solar collector to lose contour. 1 4  These ultraviolet cured or infra-
red cured structures require that the structure have orientation equipment
on board to insure that the plastic resin receives the proper dosage of the
activation radiation.

Gas catalysis curing techniques have been developed in the areas of
epoxies, urethanes and polyestere. Early pioneering work in this area was
accomplished by R. Spain. Air Force ?Mterials Laboratory and Wyandotte Chemi-

cals Corporation. Gas cured urethane systems utilize water as a catalysis
and with the earlier systems required four (4) to sixteen (16) hours to fully
rigidize. Mlzi-layer laminates were prepared that exhibited flex strengths
of about 20,000 pal, although periodically higher strengths have been achieved.
Gas cured epoxy materials in general require longer cure times, but develop
I iiher strengths. Cure times with some epoxy systems are in excess of 48
hours. Strengths in these early epoxI'gs cured laminates were between
25,000 and 30,000 psi in fleXr.re. 1  6

Characteriatics

Rigidized membrane structures will not collapse if punctured and have
a high ratio of expanded volume to packaged volume; although, these struc-

tures usually fail prematurely because of buckling stresses.



Applicat ions

Rigidized membrane structures are very aPpiicable to passive communi-
cation satellites because of their relatively light weight. The techniques
for rieidizing these lightweitht membranes are in the majority of instances
directly translatable to expandable honeycomb structures.

Advancements Required

In the open grid material systems two advancements are needed, these

are, improved seaming and coining techniques and a rapid migrating plastic

film. The later requirement has previously been discussed. Advancements

are reiuired in the plasticizer boil-off systems, namely plasticizers are
required which can be utilized in lower percentages of the overall system,

but still produce flexability. A plasticizer which would only occupy ten (10)

percent o1 the total resin system is a design goal. Ultraviolet or infrared

cured resin systems need to have on-command curing capability. Today these

systems will start to rigidize as soon as they are deployed in space. The

systems designers would prefer to be able to deploy a structure, but have it

cure on-command not on deployment. Further, ultraviolet absorbers or screen-

ing materials are required which after a predetermined period of time would

absorb or reflect the ultraviolet radiation thus preventing degradation of
the cured plastic resin system.

Gas cured rigidization systems require many advancementa. The epoxy gas

catalysis materials system needs to have its cure time reduced significantly.

Design goals for a cure time are about fifteen (15) minutes. Urethane gas
cured systems should have their cure time reduced, but these systems require
improvements in shelf life. The majority of the gas cured resin systems cure

by absorbing water vapor plus an accelerator. It is very difficult to prevent
these urethane resins from prematurely hardening. A shelf life of six (6)

months has been reported 1 7, but this is for a resin in a sealed container.

Long shelf life for an impregnated packaged structure is much more difficult
to achieve. All of the chemically rigidized structures should be investigated
to determine the effects of the apa-e environment, before and after rigidi-
zation, on the materials.

AI RMAT STRUCTURES

Lefinition: Airmat is an inflatable structure that is held into a pre-
determined shape by drop threads. These threads act as cross ties, and by tai-

loring the lengths of these threads flat, airfoil, or other shaped panels can
be maintained. There are thirty (30) drop threads per square inch on the

average, but as many as oixty (60) drop threads per inch may be utilized in

some cases.

Yeterials

Organic and metallic fibers are utilized in the b"ic airmat structure

and organics or inorganLics are utilized to seal the woven material. Dacron,



rylon.zýand cotton fibers are often utilized for non-higb temperature applica-.
tiona. Neoprene end other organics are comonly used as sealanta, but silicone
rubbers are utilizea for high temperature applicatof•. Rene 41 end other
nxckel tase fiber. are employsc. A major corsiderstion in the maldng of air-
wmt is the loom which it is woven on. Just recently Goodyear Aerospace under
an Air korce contract developed a twenty (20) foot wide loom which can weave
vvry deepý airmat ýanele o" complex contours. This loom has the capability of
.eavirýg nAt only organic fibers, but also aetallic fibers into aix-matt struc-
t-ures.

Characterist i c

Airmat structures have a high strength to weight ratio, 8 high expanded
voLuwr to packaeac volumA ratio, and a capability to maintaiin other Whan cir-
curer crois section snapes. Aiirmat structures have high aeflections under
load, re 1uire Jeej members, otherwise i.rfletion pressure _s bigh, and these
structures co'lapse if punctured.

;dvsincements B•equired

Advancements required in the sirmat materials systems are in the hietIer
termerature materials area. New high temperature sealante should be developed
that are capable of resistinu temperatiures of 1800 to 20OOOT while maintaining

ini'ztal porosity characteristics. Improved high temperature fibers should
also be aeveloped whkch will operate at the above mentioned tea*peratures.
Finally, new flexible high temperature adhesives systewa need to be developed
which will maintaixi structural intejrity at these hig•h temperatures. Since
airmat nora~al orbital temperature rejuirenents are more or less within the
state-of-the-art, it woulo appear that a detailed investigation of the effects
al the space enviroraent would be required before final space applications are
undertaken.

Appli cations

Airmat has irany potential ap&lications in the space age. Re-entry
vehicles, extensions on space stations, portable space shelters, rendezvous
docks, anc space furniture are representative of applications for this struc-
tural concept.

FOAV'IM-I N-PLACE STRUCTJBES

Definition: FoaMo-I=-place structuies utilize an inflatable balloon
st.rcture to form the desired configuration before it is foam rigidized.
After deployment, plastic foam reactants are activated and the structure is
foamed-in-place or rigic.i ad.

Materials

There are a number of plastic foams which are being investigated for

space f1nend-in-piace applicationa, these are epoxzei, urethanes, and phenol-
ics. Ibst investigations have eventually centered on the polyurethane foam



family. Basically three types of foamed-in-place techniques have been in-
vestigated, mecLanically uzdaed pressure distributed foams, solid reactant
predistributed foams, and encapsulated reactant predistributed foams. Foam-
ing-in-place in a space environment poses several formidable problene, these
are effect of Zero 'G', higa vacuum, and space radiation on the foaming re-
action.

Ynst investigators have stud ed the effects of high vacuum of the foam-
inK reaction. Some investigatorsfl have tried to engineer around the high
vacuum i.roblem by foaming between two (2) walls; however, this technique is
not practical as in a solar collectors case, the wall materials are one (1)
or two (2) mil mylar. The pressure build-up within the walls or backflap
-will seriously distort the structure beyond the desired contour. Small sized
structures with heavy backflap or double wall materials may be foamed success-
fully, but the larger lightweight structures are impractical for backflap
applications. Basic foam formulations are not compatible with the high vacuum
environment of apace. A standard foam formulation when activatea in the pres-
ence of a vacuum will rise up rapidly, similar to atmospheric foams, but the
uncured foamed structure will then collapse back to nearly its original volume.
The added pressure differential causes the foam to rise before the urethane
iesin has built up jell strength, thus, the individual butbles of foam rupture
after expansion. The liquid reactants of normal foam if exposed to a vacuum
for prolouged periods before activittion of the foaming reaction will out gas
and prevent or retard foaming. Several companies, Hughes Aircraft, National
Cash Hegister, Monsanto Research under Air Force contracts and Goodyear Aero-
space under NASA contract, have developed polyurethane foams capable of foam-
ing in a vacuum. The vacuum foam developed to date do not have as good
q4ulity cell structure as an atmospheric foam. The thinner the section of the
rigiuized foam the coarser the ceil structure. A very thick slab of vacuum
cured foam will have a reasonably good cell structure, but fortunately many
applications for foam rigidized atiuctures require thin section structures,
such as solar collectors. Current estimates for large diameter collectors
indicate a maximum foam structure thickness of two (2) inches.

'1e effects of lerc "GO on the polyurethane foaming reaction was hereto-
tore unKnown. Authorities on polyurethane roam could make a strong case for
'jr •g•inst _ero *GO, significantly affecting the foaming process. The Air
force set up an in-house program to determine the effects of .aro §05 and
ýiigher 'GO effects of the foaming reaction of polyurethane foams. A special
i.Lst reacting foam was developed by Nonsanto hesearch under Air Force contract

whtciC ircn• tile tiMe Of mlAine to full rigidization required '*nly fifteen (15)
seconds. The rapiu foamin;i formulation was prepared from commercially avail-
able materials--a iesin mixture of LA-7T0 pentol and LK '0 triol, with Mondur
Mh 1'olyiaocyunate. Freon F-I1 was used as the blowing agent. The viscosity
ni this ormulation was 1000 cp at 65cC. The foam rise time of' only 15 sec-
onds was uchieved by n~ans Of a miAture of stannous oleate and piperazine cat-
Alysts. The rouas produced from this formulation wre 1.' to 2.0 lb per ou
ft with a Z'. jsi compresaivo strength and posaussed good dimensional stability.
ThiA fast ieuction wsu activated in a mechanical mixiniz device, but the foam
was ,lloweu to ribe as un unrestrained column duriug expansion. Thirty-two
sjecimeouwere fowmid on board the KC-hIb Zero NGN Aircraft. No detectable



visual changes in cell structure or density was found in the resulting foamed
structures. Similar tests were run on a centrifuge utilizing a sealu-capsule
atmospheric foam prepared by National Cash Register under Air Force contract.
Foams were mia1e at simulated 'C' levels up to 30g. No significant effects
were noticed until approximately 15j force levels i-ere encountered. Figure

shows comparison photographs of a One "G' foam and Zero ,'C foam. A One '"'
foam rises out of the mixing container and overflows to form a bell shape.
The Zero 'G' foam rises straight up in a column of about the cross section
of the container.

Effects of space radiation on polyurethane foam have not been investi-
gated in detail to date. Tests need to be conducted to determine what effects,
if an different types of radiation have on both unreacted and reacted poly-
urethane foams. Eposing unreacted components of a urethane foam to space
radiation may cause premature hardening of the resin, prevent or retard foam-
ing, or may improve or have deleterious effects on the final foam properties.

Hughes Aircraft pioneered the solid foam reactants area for space appli-
cations under Air Force contract. The approach of the Hughes Aircraft Company
was to mix an initially solid diol, esocynate, triol, dibutyl tin di-2-ethyl
hexoste, and a surfactant, in correct properties. This mixture is partially
reacted and then ground into powder. This powder is then made to adhere to
an inflatable balloon structure which, after inflationis allo•w to heat up
to 18071 to 2500F which in turn triggers the foaming reaction.

Goodyear Aerospace Corporation be. developed another more or less solid
predistributed foaming system. The foam is of a urethane type which utilizes
a polyol resin and diisocyanate, Goodyear's dilsocyanate is derived from
throe sources, these are prepolymwrization or the resin, a Curtius rearTangs-
ment of the azide, and a blocked isocyanate. Controlling ftators are proper
proportioning of the ipocyanate for good croaslinking and adiabatic tempera-
ture rise during the reaction. The formulation is mixed to form j paste of
high viscosity. The foaming reaction is Initiated by allowing the formulation
to heat up to about 200OF after which the reaction is exothermio. 2 0  In the
past this formulation either required prolonged hoating of several hours to
achieve foaming or it would react very fast and the exothermic reaction would
damage a mylar substrate. Current formulations require ono (1) minute of
heating at about 180©F and requires about twenty (.0) minutes to solidify.
This formulation develops about a 3500F exotherm.

National Cash Begister under Air Force contract attempted to develop an
encapsulated foam reactant system. To date, a total capsule operable system
has not been a&hievcd. Folyoloa and Isocyanates have been encapsulated, but
these encapsulated materials either release prematurely or not at all depend-
ing on the wall material and thickness. The intent of this program was to
develop encapsulation technology to provide the capability of encapsulating
any liquid polyurethane foaming system. This all-capsule system would be

initiated by thermally ruipturing the causules which should significantly re-
duce tho total energy required to activate a predistributed foam syatem. NCR

has developed a very good technique for rigidiziug flexible polyurethane foams

in space. This technique will be discussed later in this paper.



ZWnsanto Research directed their contract effort toward the development
of a one-package composition which, in space environment, on localized thermal
initiation would self-propagate a reaction to give a rigid polyurethane foam.
CalculationS Lnd calorimetric measurements showed theoretical possibility of
a self-propagating reaction from localized initiation. However, in practice
this goal was not attained. This was due, it is believed, to heat transfer
problems ano inability to use efficiently all heat reaction liberated. Im-
proved formulations were developed based on tolidine diisocyanate and poly-
oxypropylene polyols. These compositions, when thermally initiated under
vdcuum (2 x 10"5 torr), foam bnd cure to rigid foams. Initiation temperature
and heat input requirements are somewhat better than previously developed
formulations. One-package formulations, thermally ccnvertible at atmospheric
Fressure to polyurethane foams, were also completed. 2 1 Figuare 3 shows a Mon-
suatnt au iauct& i2 zvrected solid i'eactsant foam.

Characteristics

Yoam rigidized structures have several advantages these are high ratio
of eApandeu volume to unexpanded volume, puncture does not cause collapse, and
foams are a Eood micrometeorite bumper material. foams have a number of neg-
ative points. Currently it is nearly impossible to make quality foams in the
high vacuum environment of space as previously discussed. Because of the poor
cell structure obtained in current space foams, it is very difficult to deter-
mine effective deasig properties of these materials.

All current uroethane or plastic foam systems require high inputs of
thermal energy to initiate or sometimes maintain the foaming reaction. Severe
and impractical power requirements would be imposed on a vehicle if other than
solar energy were utilized to initiate this reaction. If solar energ is the
tiermal energy source, a technique such as turning the structure for shading
would be required to provide on-conand capability of initiation of the foam-
ing reaction. Another major drawback to foamed-in-place structures is that
the eAothermic reaction of the foam system can cause creep in the lightweight
myler inflatable balloon structure utilizea to provide accurate contour. In
the case of solar collectors or antennae applications, changes of contour be-
cause of creep caused by the foam exotherm would negate utilization of the
antennae or collector. Finally, foamed-in-plice structures have a poor
strength to weight ratioaaa compared with other expandable struvtures systems.

Foc.mad-in-place structures are applicable (when successful prodistrib-
uted minimum ezothermic foam formulations are developed) for solar collectors,
antennae, space furniture, expandable micrometeorite bumpers, space shelters,
end recovery of objects from space.

Required Advancements

Polyurethene predistributed foam system& should be developed which are
capable of providink; good quality predictable foam structures similar in
quality to atmospheric foamed structures. The strength to weight ratio of



plastic foams need to be improved significantly. Figures 4 and 5 show strength
properties of a mechanically mixed semi-vacuum foam developed by Goodyear Aero-
Space Corporation. These material samples were foamed under optim= conditions,
thus, this date may be conservatively optiaistic.

EXPANDABLE SLF BIGTDI21 N HONEYCOMB STRUCT•1

Definition: Expandable self rigidizing honeycomb or sandwich structures
utilize the chemical rigidization processes describau in the rigidized Usm-
brans section of this paper to rigidize a three (3) dimensionally woven honey-
comb or sandwich structure. The resulting rigidized woven structure is similar
to conventional earth fabricated rigid plastic honeycomb structures.

Materials

7ais materials an"- structural concept was conceive* by the author and
Mk. S. Allinikov both of the Research and Technology Division. Currently there
are two basic components involved in this system; these are a woven flexible
three dimensional fluted core and the rigidization system.

Today there are several coamercial sources available which produce var-
ious configurations of integrally woven core materials. Figure 6 illustrates
the three (3) nviat commn woven core configurations commercially available.
The woven sandwich consists of integrally woven outer skins separated by woven
separators. It is the separators that are the main variables of a configura-
tion, as shown in F'igure 6, there are truss web cores, vertical web cores. and
drop %hread cores available. Currently no weaver can integrally weave, what
is considered the optimum configuration, a true honeycomb core and faces in-
tegrally woven. The types of cores coc rcially available can be easily ob-
tained in height& of 1/6 to 2 inches in almat any weave and thread material.
Currently fiberglass fibers are utilized for heavy duty space structures while
nylon, dacron, und silk are utilized for lighter weight structural applications.

Viron Division of' Geophysics Corporation of America has been awarded
three (3) separate contracts to develop the expandable honeycomb concept. At
the writing of this paper onc of theme contracts hs been successfully com-
plated. Archer Daniels Midland Company has been a prime materials sub-contrac-
tor on these efforts. These contractors have developed several types of
rigidization systems capable of rigidizing the flexible woven sandwich material.
Table 2 compares the physical properties of three (3) of theme systems that
have been developed to date.

Currently the most commonly utilized rigidi;atlon system, developed under
Air Force contract, 1a a gas cured urethae. Archer Daniels M•dland ham form-
ulatec a new foater curing, higher strength, and lower shrinkae gas cured
urethane system. A prepolywer containing a high netting Index has been de-
veloped. This higher netting index creates a tendency for the unconnecteu
polymer chains to interconnect and Lecome =ore thermosetting. The higher
nettilu, index will also ceaue less polymr shrinkage during and after rigidi-
zutlon. Dranched ýolyola poseasulng a high hydroxal equivalent were used to



obtain high strength biid rigidity. The sipi'ficant reduction in cure time
was achieved by utilizing m-phenylene diisocyaiqte in place of the comercially
available tolidine diieocyanate. This urethane syeitem is rigidized by a gas-
eous mixture of wostly water v&por with a small amw t of tri ethyelamine.
Typical properties, as shown in Table 2, for this gas cured urethane are fi•er-
glass laminate tensile strengths of 27,500 psi, flex strengths of 25,000 psi
and cure times of 15 to 30 minutes. Nonreinforced film strengths of this
urethene are 15,700 psi which is exceptionally high for a urethane film.

Archer Daniels Midlend has also developed a gas cured polyester resin
system under the above mentioned contracts. Unsaturated polyesters diluted
with reactive polyfunctional (di, tri, and tetra) scrylates have been utilized
for vapor phase catalysis. These systems have been successfully cured by
vaporizing volatile peroxides. Free radical accelerators have been mixed with
the resin to reduce cure times. A peak exotherm of 145F has been recorded
with this system in about 8 minutes. Rigidization times of 30 minutes have
been obtained with resulting properties of 47,000 psi in flexure. 2 3

Archer Daniels ?4dland has also been able to develop a faster curing
epoxy gas cured sytntemu. This system is capable of curing in about four to
six hours and devtiLops a flex strength of about 30,000 psi in a three (3)
ply laminate.

Viron and Archer Daniels Midland, sub-contractors, have been awarded
an Air Force contract t' develop a gas cured gelatin rigidization system for
expandable honeycomb. At the date of this writing this effort is only one
(1) month old.

Plasticizer boil-off rns also been utilized for rigidization of the
woven core; however, this cr:ncept has been discarded beosuse it is not a
rigidi za-on-coonand system.

Eixpandable Honeycomb Experiments

A more detailed discussion will be made on the experi:rental hardware
programu of eApandable honeycomb. These experimental hardware programs are
in the following areasal micrometeorite resistance, solar collectors, and
finally space shelter structures.

lKcrometeorite resistance - The author had always anticipated that the
expandable honeycomb would provide good micrometeorite protection because of
its double wall construction. However, this was purely speculation. Thus,
an Air Force in-house program was established to detmrmine the affects of
high speed particle Impact on expandable honeyconb. The Air Force Materials
Laboratory micrometeorite facility was utilized for theme tests. Yelar discs,
1/8 inch diamter by .01 inch thick, were fired at velocities of 28.000 to
32,000 fps into solid 1/2 inch aluminum blocks which created a hemispherical
crater about 1/8 inch in diameter in the auinum. w shown in Figure 7. The
same size particles were fired into a lightweight woven fiberglass gas cured
urethane structure at similar velocities. Figure 7 shows the front and back



surfaces of one of these materials. The particle penetrated the outside fac-
ing creating about a 1/8 inch diameter hole; however, little damage to the
fiber structure is caused to the rear face. The only visual damage to the
rear face is very minor spallation of the urethane resin. This data is of
course very preliminary and should be treated is so. Plans are underway to
test various configurations of expandable honeycomb which are applicable to
solar collectors and shelters. 14crometeorito tests are also planned to be
conducted on stressed strxctures as well an unstressed structures.

Solar Collector &meriments

Under Air Force contract Viron Division of Geophysics Corporation of
America has prepared a number of expandable honeycomb solar collectors. These
solar concentrators have been constructed of the following components; inflat-
able aluminized mylar layup, magic coating, woven core, and rigidizing resin
system. The aluminized mylar collector layups are fabricated similar to the
Echo balloons, by seaming gores together. Goodyear Aerospace currently sup-
plies the Air Force with accurate solar collector layups ranging from 2 ft
diameter to 60 ft diaeter. One mil aluminized mylar is utilized in the fab-
rication of these collector layups because of packaging considerations. The
magic coating is then applied to the back face of the solar collector. A
magic coating is a flexible plastic layer which prevents mark-off or show thru
of the texture of the woven honeycomb core. Currently Viron uses a formula-
tion of Epon 872-X-75, Epon 828, Epon Agent U, plus cab-o-oll and other sol-
vents. 24 This formulation is sprayed over the mylar in several coats to a
thickness of between 10 to 20 mil. This layer also prevents sharp permanent
creasing of the mylar during packaging and storage.

The woven honeycomb backup co0e material utilized in fabricating solar
collectors is a 1/2 to 1 inch high core which utilizes eitheZ geometric or
random placed drop threads. These cores weigh between 2 to 8 ounces per
square yard and are currently woven frcm either dacron or nylon. Cores have
been woven from both mono filament and multi filament yarns.

To date all solar collectors have been rigidized with a gas cured
urethane resin syste". Solar concentrators have been successfully rigidized
in vacuum up to 10-0 m Hg with cure times of 30 minutes to 1 hour. Two
(2) ft and five (5) ft solar collectors have been rigidized successfully to
date. Figures 8 and 9 show a .5 ft dimeter solar collector packaged and
rigidized. This particular collector weighed about 0.3 lb/sq ft of projected
reflector area. This year 2 ft and 10 ft diameter solar collectors will be
rigidized under spatial conditions, The collector contour will also be check-
ed before, during, and after rigidization. Next year expandable honeycomb
solar collectors 10 ft and 22.25 ft diameter will be fabricated and rigidized
under vacuum conditions. The 10 ft diameter collectors will have spherical
end caps attached which will permit preliminary packaging and deployment
tests.

MACE SMTEP rUCT'IUh

Viron has also under Air Force contract designed end fabricated several



apace shelter structures. Figures 10 and 11 show the package size of a 7 ft
diameter by 8 ft high space shelter and the final rigidized shelter. This
shelter was designed to sustain internal pressures of 14 pal* and weighed
less than 100 lbs. Viron also cured numerous half size models of this struc-
ture under atmospheric conditions. This year a limited war shelter, floor
plan 26 X 30 ft, will be air dropped, deployed, and rigidized, This shelter
is designed for 100 mph wind loads, and a roof load of 25 psf. In addition*
it is to have a floor inside of it capable of withstanding the wheel loading
of an aircraft. This shelter will be packaged into a 4 X 4 X 4 ft packag
and will weigh about 3000 lbs. Erection and cure time will be less than two
(2) hours. Figure 12 is an artist's concept of this 26 X 30 ft Limited War
Shelter.

Finally, a program has been authorized to determine the feasibility of
fabricating, expanding and rigidizing a space station type structure from
expandable honeycomb. Figure 13 is an artist'a concept of this space station.
This structure will be 10 ft diameter and about 25 ft long. The structure
will be divided into two compartments and will have floor running the entire
length of the structure. Figure 14 shows a cross section of this structure
and a typical -all structure. These structures will be deployed in a vacuum
chamber at 10 mm Hg pressure. Cure tine will be less than one (1) hour.

Characteristics

Expandable honeycomb appears to have the highest strength to wight
ratio of any rigidized structure. It looks extremely promising for resisting
micrometeorite penetration, and even if it is punctured it will not collapse.
Finally it will work on the Earth as well as in space.

Applications

Expandable honeycomb can be utilized for solar collectors, space sta-
tions, extraterrestrial shelters, earth shelters, and possibly re-entry
vehicles.

Advancements Requl red

Many advancements must be made in order to permit designers to apply
expandable honeycomb to the above applications. First a new weaving machine
must be designed and fabricated which will weave three dimensionally honey-
comb end skins simultaneously. The development of a true honeycomb core
would certainly increase its strength to weight characteristics. Faster
curing resin system with long shelf life must also be developed. Finally,
research should be directed toward an expandable honeycomb system that would
be capable of surviving re-entry.

VARIABLE GEOZP}Y. STRUC"IUES

Definition: Variable geometry structures otherwise known as unfurlable
structures are composed of a number of conventionally built rigid sections
that either hinge, spring, or telescope into shape.



Materials

The Aeron;ttronics Company and the ?eartin Company have studied telescop-
ing space structures under Air Force contracts. The Martin Company determined
that their st ructures are about 506 heavier than a rigid nonexpandable struc-
ture. The incre3se in weight is attributed to seals, bulkheads, and expansion
mechanisms required in a telescoping concept. Normally conventional materials
are utilized in the construction of telescoping structures which providesthe
designer with a high confidence level in the design of future vehicles.

Spring open type structures have also become interesting of late. The
G. T. Schjeldahl Company is developing a unique spring open grid structure.
Figure 15 shows one of these spring open structures packaged, being deployed,
and fully deployed. This structure is composed of a grid of multi filament
glass fibers coated with silicone rubber. This type of structure is very
applicable to the passive communication satellite area. Its main advantage
lies In the potential elimination of the plastic film required for Inflating
conventional wire grid structures.

Narmco and Goodyear Aerospace have developed a spring open structure
utilizing the elastic recovery characteristics of a flexible polyurethane
foam. Figure 16 shows a flexible foam structure collapsed and expanded.
The foam structure is only utilized to spring the structure open and for a
microneteorite bumper. Goodyear Aerospace reports thgt flexible polyurethane
foam is an excellent micromuteorite bumper materialoeb This type of struc-
ture is a nonrigid structure and is pressure stabilized. The actual load
carrying part of the structure is either a woven fabric, or a filament wound
structure with a flexible organic bladcar inside to eliminate porosity.

The National Cash Register Cor~pany under Air Force contract has developed
o chemical rigidization technique .(r rigidizing flexible polyurethane foam
structures. A flexible foam , -ructare is impregnated with a vinyl resin.
An encapsulated aromatic amine can t' utilized to cure the vinyl resin. The
encapsulated catalyst can be releas-;i via small aichrome heating elements. 27

Cure times of ten (10) to twenty (C'0) minutes have tf•en achieved under vacuum
conditions for two ft diameter structures. This techaique is currently being
studied for solar collector anC space sheltex application.

Characteristics

The variable geometry structure's principal .ivantase is that it is
entirely fabricated on the tround and can thus be i, ,:,ected prior to launch.
Telescoping or hinged structures usually only reduce the launch ;ackbges
size in one direction. The spring oper grid or flexible foam structures offer
minimal structural integrity without pressurization.

ATiicat ions

Varieble geometry structures hnve many applications. Telescoping or
unfurlable structures can be applied for utilization us solar collectors,
antennee, space stations, extraterrestrial shelters and re-entry vehicles.



The spring open grid structure's primary applications are in the passive
communication satellite and decoy areas. The spring open flexible foam
covered structure may be utilized for portable extraterrestrial shelters,
apace station rendezvous docks, and apace vehicle crew transfer tunnels.

Advancements Required

Improvements in sealing techniques are required to bring variable
geometry structures to an operational status. Research efforts should be
directed toward improving chemical rigidization techniques of flexible ure-
thane foams.

SIGNIFICANT ELPANDABLE STLtEMRES MlLEONES

A number of significant expandable structures milestones are now within
the predictable future. Among these milestones are proposed space experiments
on manned space stations, actual space stations, crew transfer tunnels, and
re-entry vehicles.

Space Experiments on Manned Space Stations

Several experiments are planned to be conducted on future manned apace
stations. Basically these experiments fall into two (2) categories; space
structures technoloey and recovery of space objects.

One experiment would consist of deploying from s space vehicle various
expendable structure components such as solar collectors, antennae, and
structurel cylinders. Various types of structural components would be demon-
strated; emonC these candidate structural systems would be expandable honey-
comb, eirribtt, and foamed-in-place structures. West likely solar collectors
of ton (10) to twenty (20) ft diameter would be utilized in these experiments.
Contour accuracy would be checked by photometric techniques. In addition,
thermal orbital profiles, strain rates, and leak rates would be monitored and
recorded on board the space vel.icle. Figure 17 is an artist's concept of a
proposed expandable structures experirent. Another experiment that is in the
p'anninC sti-te wouli! i-e the utilization of expandable structures materials
for recovery of space objects. Varioua materials syEtems could be utilized
fcr this cpxrriment; expandable foams, woven metal fabric structures, and
I:ossilly expnduble lioneycouil,. Figure 18 is an artist's concept of this
experiment l;eirkt ;uxformed.

Crew Tunnel Api:lications

ýxcverel prorosed space systems utilize existinE re-entry capsules in
corjunction with n space station cylindrical module. Unfortunately, the
inj.ress und et±res. doors in these vehicles are mounted on the side of the
vehicle whilch %does not facilitate crew tranaler without going extra-vehicular.
Al expendalvIe crew tr-narfer tunnel which would be packaged against the side
of thtL vehicle durirtL b.oot, 1,ut which would expand into shape once in orbit,
could Irevide o shirt slteve enclosed environment conduciv. for efficient
crew trnnsfer. Figure 19 is an artist's concept of an expanded crew trans-
fer tunnel.



Space Station Structure

Many investigators hatse proposed launching into orbit an expandable
space station.

Currently the Air Force under contract is building an expandable space
station structure as previously shown in Figure 14. This effort is primarily
a ground based vacuu chamber feesibility. Expandable structure technolog
has progressed to the level of being directly applicable to large space struc-
ture designs.

Type of Structures

There are several clasaifications of expandable structures, these are;
inflatable balloon, rigidized membrane, airmat, foamed-in-place, expandable
honeycomb, and variable geometry structures. Figures 20 through 25 summarize
these various types of structures, materials, applications, and character-
istics.

FtCOmmJATIo0s

The following recommndations are ude:

1. Increase strength to weight ratios of expandable structures.

2. Increase shelf life of chemically rigidized systems.

3. Investigate in detail the effects of the apace environment on all
types of expandable structure system.

4. Increase the temperature resistance of expandable honeycomb struc-
ture materials.

5. Improve the reliability of expandable structures.

6. Demonstrate the feasibility of expandable structures by orbital
demonatrations.



Fr=ENCES

I. Forbes, F. W.,'Exiarndable zituctures for Aerospace Applicetions: ARS paper,
November, 1962.

2. I bid.

3. anninii, i. 'I.%chanically Njxed Polyurethane Foam Rigidized Solar
Collectcrs," Air Fovce Exiaendable Structures Conference. Cctober, 196.

4. Pussell, I. w.., 7{r.nsen, Y. S., end McKillip, W.J., 'Levelopment of An
Inflettitle Self-hiiidizing Space Shelter end Solar Collector from Honey-
comb randwich 1Eateriel,ffT JAl Report No. AFI TLR 64-29. December, 1963.

5. Houck, 0. K., 'Effects of Fabrication Materials 6nd Processes on Solar
Znerry clilection Ferformance', S;2.E Fager, June 1963.

6. Foy, C., Van Schaik, r., and Forbes. F., 'Expandable Hancers for Orbital
Maintenance', Air Force Expandable Structures Conference, Air Force Aero
Propulsion Laboratory, Cctober, 1963.

7. Keville, J., and Warren, F., 'Development of an Inflated Parag1ider for
Manned Orbital Escape', Air Force Expandable Structures Conference, Space
General Corporation, October, ]1963.

8. YByer, V., ONASA Interest In Exp~ndsble Structures', Air Force Expandable
Structures Conference, 11ational Aeronautics end Space Administration.
October, 1963.

9. Forbes, F. W., op. cit.

10. Forbes, F., ari Allinikov, S., *Gelatin As a .3ifidization Material ftr
Aerospace Structures', Air Force hxpendable Structures Conference, Air
Force Aero Propulsion Zaboretory, October, 1969.

11. Schwendemnr, J., Hobertson, J., and Salyer, I., '(7elatin As a Possible
Z5tructural Material for Space Use', ASD Report No. ASD-TDR-63-".4, July,

1%. Schwartz, S., Jones, F., and Keller, I., *Ultraviolet and Heat R11idl-
zntion of lInflbtable Space Structures', Air Force Expandable Structures
,.onference. !Turhes i.-craft so,, October. 196,.

T) 1 .ecksteat±, r1.- , Dunining, E°, iurseelJ, I.. and McW.iili., W., '-:xa.ndab1e
-ehf-iviidizing 'Uoneyccinb 1erospace Shelters and Solar Collectors', Air

Force -ontract AB , (615-l43, P;rogress lieports, January-July, i.%4

14. ,nnrnr, L., op. cit.



I•. Craqam, T., and Spain, R., "Bi gdization of Expandable Structures Via
Gas Catalysi_', Air Force Expendea•le Structures Conference, Air Force
iateri.Is Laboratory, October. 1963.

i D. '-;ass, A., Wissman, H., and Saneer, A., "Impregnants for Expandable,
.i- idizable Aerospace Str.-turen', July, 1963.

7. 2-rahn-i, T.. op. cit.

d.' 1.-;u.ker, T. -.. , *Solar Concentrator Lesign and OonaLructi-1i", Goodyear
Aercs,.!ce Ccrl ., Junc, 1964.

K;. gchw.rtz, ., "LDevelcpment of c Cne Fart, Foam-In-Space Folyurethane",
;.ir Žorce 'cxnndsb1e SLtructures Conference, Hughes Aiicraft Co.,
Ccto-cr, 29:.

i0,. I.IcCusker, T1. . , op,. tjt.

21. Erbutuh, L.., nd Potler, 5., '$olid Reactent Iolyurethate Foan; Comnpoun12',
Mncnrnrto hesearch ld.bcratory, Aprll, 1960,.

Z . ' '-. - ., op. cit.

214. I1id.

£2.. i~b~L, C., end Kno2-, i., "Semi or Noi,-Hifid Strr.ctuzvs for 'pase igppli.,
catiora"n, I4'rtin ;o., Jully, 1964.

26. iRey'i', ! :., ';fects of Hyliervelocity FrtLicle Impaot on Composite
tutri•]s for "Lxpindvilc ;tructiirea L,<:.IcrtiorfL" , Goodyoar Aerospace

"7. lcrti , J., ".Li,-r' -tnca] Su3l ,to,(; Y it, 'ýcor, tttntls , AM r Fc-rce Controct
j .} j( It r•thy lette-r tw;,t, , , to I~srct 19614



TAdLE 1

l'IYST('k I'1MUMITES OF A M.A"S 1XIUFOR1ED
n• ;,s"7 C ILAMNATE HTAVI NG POI.',YACW(UYU C-GELATI N hil1 N

TrnneI BIhrcol ZIe c I fi u Reaii n

No Hetrdnct ti Grv tZ Content-

11 l ,37 3J2

,jr' a M io ___ a. a, In. o n

40s4 a77• ' .. . . . .I i

'..I ..) * , a '. ) . . . , I ,, ,o ,

: 0 '() • '"._? a V.1 I . .. ,
1 I ,14') !- 4 '1.¢ 1"1 ,141• *t



TABLE 1

(Cont'd)

ýQ&4-s Vx P110IP7¶ N.

=& o X SIPW N
TTF - DUi•. E F1iOr IIMW STXJ.qS MAJ bs-

Million I$oQ vai 1,,000 Pal In. pr In.
I)$ i 100

Aoom , ..... , J-.56 , 23.2 43.9 a 1.41

130 a 5 .11.21 a 4.7 13.6 1 1.O

A 504 ' 3.11 1 97 2 7.1 a

275 , .5, 1.64 , . ,
a 50 a 3.70 a p1.2 ' 31.7 a .94
, 1,OL,0 , 3,90 .16 )1. .91

L-FAMT -12~.I~ - IF-IUML- - - -ý4- - AS L - -

IHoom 1 9...., , . .rj I .7 a 64,3 a .... , 7.1

1.50 a ' a ' a , *, 9 a o..7 4.

, $04 , 3.01 , 2.10.7 4 9.t- a J.m'9 a .9
;75 , ... , .b' a ;..(' * 7.L' a ,3) , kIUbI.J,'y

a ¶0 a .; a :'7.9 a 31.. a 3, j , 4.0

1,000 aa 19.A ti 11 .1a.0'6 a 4.0
sThe MwA-M.•M1 o. ocourred at a 1arye doflootrio. It'the iond thrst wore
token lnto acoouit, theito aiK•dul•l of rulturc vulue uuli)ii u nsrovreseid by
about 15 porcotit.



TABU I I

CO*FAU•bON Of IhTOMITIMS OF
TIME GAS CUJM RIGID! Z.ATION sysER*ý

F'I.KXiAL ,TIGTH OF

Cos Cured
Urethane 15-30 Mnutes 7.0O00 psi

(Gor Cured
rolyinter 30 VInutea 47O000 psi

Gas Cured
Epoxy 3-4 Hours 30,000 pli
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Figure 2 - Comparison of One G" eand Zero OC' Foaming
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Figure 7 - Ctumperison of High Speed Particle Damage to
Solid Aluminur ikid Rigidized Expandable Honeycomb Iwterial
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